Hedgehog signaling is involved in regulation of ovarian function in Drosophila, but its role in regulating mammalian ovarian folliculogenesis is less clear. Therefore, gene expression of Indian hedgehog (IHH) and its type 1 receptor, patched 1 (PTCH1), were quantified in bovine granulosa (GC) or theca (TC) cells of small (1-5 mm) antral follicles by in situ hybridization and of larger (5-17 mm) antral follicles by realtime RT-PCR from ovaries of cyclic cows genetically selected (Twinner) or not selected (control) for twin ovulations. Expression of IHH mRNA was localized to GC and cumulus cells, whereas PTCH1 mRNA was greater in TC than in GC. Estrogen-active (E-A; follicular fluid concentration of estradiol . progesterone) versus estrogen-inactive follicles had a greater abundance of mRNA for IHH in GC and PTCH1 in TC. Abundance of IHH mRNA in GC was not affected by cow genotype, whereas TC PTCH1 mRNA was less in large E-A follicles of Twinners than in controls. In vitro, estradiol and wingless-type (WNT) 3A increased IHH mRNA in IGF1-treated GC. IGF1 and BMP4 treatments decreased PTCH1 mRNA in small TC. Estradiol and LH increased PTCH1 mRNA in IGF1-treated TC from large and small follicles, respectively. In summary, functional status of ovarian follicles was associated with differences in hedgehog signaling in GC and TC. We hypothesize that as follicles grow and develop, increased free IGF1 may suppress expression of IHH mRNA by GC and PTCH1 mRNA by TC, and these effects are regulated in a paracrine way by estradiol and other intra-and extragonadal factors.
INTRODUCTION
In growing follicles, communication among the oocyte, granulosa cell (GC), and theca cell (TC) compartments modulates proliferation and differentiation of these cells [1, 2] . The hedgehog (Hh) gene family was identified in 1990 as a family of developmentally regulated morphogens controlling basic embryonic developmental processes [3] . Three secreted lipid-modified protein ligands-Sonic (SHH), Indian (IHH), and Desert (DHH) Hh-have been identified in mammalian cells [3] [4] [5] [6] , including localization primarily within mouse ovarian GC and TC [1, 7] . These ligands work through two membrane-bound receptors: Patched (PTCH) 1 and 2 [5] . Both receptors bind smoothened (SMO), the seven-transmembrane G-protein-coupled coreceptor, in the absence of Hh ligands and suppress Hh-induced intracellular transcriptional effectors Glioma-associated oncogene homolog (GLI) 1, 2, and 3 [1, 5, [8] [9] [10] . All three Hh ligands bind to PTCH1 with equal affinity [11] and have been used interchangeably to invoke cellular responses [11] [12] [13] [14] . In Drosophila, Hh signaling and stimulation of PTCH promotes proliferation of both ovarian somatic stem cells [15] and germ cells [16] . In vertebrates, Hh signaling is involved in regulating cell proliferation and survival and in determining cell fate, differentiation, and polarity of embryonic cells [17, 18] . Recently, SHH was found to stimulate mitogenesis in mouse GC [7] and bovine TC [19] . In addition, GC IHH mRNA abundance is less, while TC PTCH1 mRNA is greater in small (2-6 mm) than in large (8-22 mm) ovarian follicles of cattle [19] , and bovine GC IHH mRNA abundance was decreased by IGF1 but unaffected by FSH [19] . Although it is known that expression of Ihh, Dhh, and Ptch1 mRNA is rapidly lost in atretic follicles of mice [1] and PTCH1 mRNA abundance is less in large than small antral follicles of cattle [19] , it has not been determined if the Hh system is physiologically regulated during ovarian follicular selection and dominance in mammals. In the uterus, Ihh expression and signaling patterns were shown to be modulated by ovarian progesterone (P4) in mouse [20] [21] [22] and hamster [23] , indicating endocrine regulation of the Hh system in reproductive tissues.
Cattle selected for twin ovulations and births (Twinner) have a twofold greater density of secondary preantral follicles [24] , 50% more small ( 5 mm) and medium (6-12 mm) antral follicles [25] , and .70% frequency of twin or multiple ovulations [25] [26] [27] compared with females not selected for twins (control). Consequently, Twinner cattle constitute an excellent model to study the effect of Hh on follicular dynamics. We hypothesized that an increase in ovarian follicular development in Twinner females may be facilitated by increased activation of the Hh signaling pathway. Also, with greater levels of serum and follicular fluid IGF1 in Twinner cattle [25, 28] and the importance of gonadotropins and IGF1 as key regulators of ovarian follicular development and steroidogenesis [29] [30] [31] [32] , cell culture experiments served to investigate the effects of gonadotropins, steroids, IGF1, and other hormones on components of the Hh system. Because the pathway for Hh signaling works together with that of bone morphogenetic protein (BMP)/transforming growth factor-b signaling during embryogenesis [33, 34] , we evaluated the effect of BMP4, GDF9, activin, and gonadotropin hormones on ovarian cell IHH and/or PTCH1 mRNA abundance. Objectives of this study were to 1) identify whether the ovarian Hh system was associated with bovine ovarian follicular growth and/or a greater incidence of double ovulations in cattle and 2) study the hormonal regulation of the ovarian cell Hh system, especially the effects of gonadotropins, steroids, transforming growth factor-b superfamily proteins, and IGF1 on components of the Hh system.
MATERIALS AND METHODS

Experimental Design
The experimental design and procedures employed in experiments 1 and 2 of this study were approved by the U.S. Department of Agriculture, Agricultural Research Service, U.S. Meat Animal Research Center (USMARC) Animal Care and Use Committee. Experimental procedures were conducted in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching. The USMARC Twinner population is a composite population of cattle selected for the production of twin ovulations and fraternal twin births (Twinner) since 1981 [27, 35] . Control females were from a contemporary crossbred population at USMARC that has not been selected for twinning.
Experiment 1: Genetic Effect and Cellular Localization of the Hh System in the Bovine Ovary
Expression of mRNAs for IHH, PTCH1, and aromatase (CYP19A1) was evaluated in small (1-5 mm) antral follicles of ovaries obtained from mature, cyclic Twinner and control cows. Estrous cycles were synchronized among 15 Twinner and 15 control cyclic cows by the administration of a single injection of prostaglandin F 2a (PGF; 30 mg i.m.; Lutalyse; Pfizer Animal Health) during the luteal phase of the estrous cycle. Presence of a functional corpus luteum (CL) was determined transrectally by real-time ultrasonography using a 7.5-MHz linear-array probe, Aloka 500 instrument (Corometrics Medical Systems). Cows were subsequently monitored for estrous behavior twice daily, and ovulation was confirmed by ultrasonography by the absence of a dominant follicle and the presence of a corpus hemorrhagicum 2 days after estrus. Ovaries were collected at slaughter on Day 3, 6, or 9 after estrus, stored immediately on ice, and transported to the laboratory for processing. Days 3, 6, and 9 were selected because this is the period of the 21-day estrous cycle during which the dominant follicle is selected and initiates its dominance over subordinate follicles [25, 36] . Pieces of ovarian cortical tissue containing multiple small antral follicles were dissected from the ovarian surface, fixed in neutral buffered formalin, dehydrated in ethanol and then xylene, and embedded in paraffin [37] .
Experiment 2: Changes in the Hh System During Folliculogenesis in Twinner and Control Cows
Ovaries of 15 Twinner [25, 35] and 15 MARC I, II, and III (control) cows were evaluated transrectally to determine presence of functional CL and to record the follicular population. Cows with CL were injected with PGF2a (30 mg; Lutalyse; Pfizer Animal Health) and ultrasounded 2 days prior to slaughter to confirm ovulation and record follicular populations. Cows were slaughtered (no more than six cows per day) at follicle recruitment (Days 3-4; D3) or deviation (Days 5-6; D5) of the estrous cycle to evaluate if the Hh system changes during the time the dominant follicle is being selected and initiates its dominance over subordinate follicles [25, 36] . Ovaries were immediately recovered and transported on ice to the laboratory. Up to 10 of the largest antral follicles (.4 mm in diameter) per pair of ovaries were excised from the ovaries and individually snap frozen and stored in liquid nitrogen.
Frozen follicles (range 5-17 mm) were processed as described previously [38] with modifications. Briefly, frozen follicles were bisected, and the outer follicle wall was slightly thawed in order for the TC to be peeled out of the follicle shell, as described previously [38] . Follicular fluid was then thawed by incubation at 378C for 5 min, then centrifuged at 1000 3 g at 48C for 5 min. The GC pellet was lysed in 0.5 ml of TRIzol reagent (Invitrogen) vortexed, incubated for 5 min at 378C, and stored at À808C until RNA extraction. The follicular fluid supernatant was transferred into clean Eppendorf tubes and stored at À208C until hormone assays. TC were suspended in 0.5 ml of RNAlater (Ambion) at 48C overnight, then homogenized and treated with TRIzol Reagent (Invitrogen) and stored at À808C until RNA extraction, as described below.
Estradiol (E2) and P4 levels in follicular fluid were determined by radioimmunoassay (RIA) as described previously [39, 40] . The intraassay coefficient of variation was 10% for the P4 RIA and 12% for the E2 RIA. Follicles with E2:P4 ratio ! 1 were considered healthy estrogen-active (E-A) follicles, whereas follicles with E2:P4 ratio , 1 were considered atretic estrogen-inactive (E-I) follicles [41] . Two control cows had no E-A follicles, and one control cow had no functional CL, and their data were removed from all subsequent analyses.
Experiments 3-9: In Vitro Evaluation of the Hormonal Control of the Hh Components
To evaluate the hormonal regulation of IHH and PTCH1 mRNA in GC and TC, respectively, ovaries of cattle obtained at slaughter from a nearby abattoir were brought to the laboratory on ice and processed as described previously for obtaining GC and TC from small (GC, 1-5 mm; TC, 3-6 mm) and large (.8 mm) follicles [42, 43] . For GC isolation, follicular fluid was aspirated using 20-gauge needles and syringes and centrifuged at 200 3 g for 5 min. For TC isolation, follicles were bisected after aspiration and washed with serum-free medium to remove GC, and the theca layer was peeled from the follicular shell and digested for 1 h in 0.01 mg/ml DNase, 1.0 mg/ml hyaluronidase, 1.0 mg/ml collagenase, and 1.0 mg/ml protease (Sigma) in serum-free medium mixture, as described previously [43, 44] . These follicle-size categories were selected because of their E2 production potential and their responsiveness to FSH and LH in the presence of IGF1, as described previously [43] [44] [45] . Prior to plating, GC and TC were resuspended in medium containing 1.25 mg/ml of collagenase and 0.5 mg/ml of DNase (Sigma). Using the trypan blue exclusion method, small-follicle GC, large-follicle GC, small-follicle TC, and large-follicle TC viability averaged 74 6 7%, 66 6 6%, 94 6 1%, and 93 6 2%, respectively, at time of plating. Approximately 2 3 10 5 viable cells per well (24-well Falcon plates; BD Biosciences) were seeded in 1 ml of medium; medium was a 1:1 mixture of Dulbecco modified Eagle medium and Ham F12 containing 0.12 mM gentamycin, 2.0 mM glutamine, and 38.5 mM sodium bicarbonate (Sigma). Cultures were kept at 38.58C in a 95% air, 5% CO 2 atmosphere, and for all experiments medium was changed every 24 h, as described previously [42, 43] .
Unless stated otherwise, small-and large-follicle GC and TC were cultured for 48 h in medium containing 10% FCS, washed twice with 0.5 ml of serumfree medium, and then cultured for an additional 24 h with hormonal treatments described below. To evaluate the effects of three major inducive hormones of the ovary-E2, FSH, and IGF1-on abundance of IHH mRNA, GC were untreated or treated with E2 (300 ng/ml; Sigma) in the presence of ovine FSH (30 ng NIDDK-oFSH-20/ml; activity: 175 3 NIH-FSH-S1 U/mg; experiment 3) or with E2 (300 ng/ml), recombinant human IGF1 (100 ng/ml; R&D Systems), or both (experiment 4). To compare hormonal regulation of IHH versus DHH mRNA (experiment 5), GC from small and large follicles were treated for 24 h with either cortisol (300 ng/ml; Sigma), PGE2 (300 ng/ml; Sigma), recombinant human SHH (500 ng/ml; R&D Systems), recombinant human wingless-type mouse mammary tumor virus integration site (WNT) 3A (300 ng/ml; R&D Systems), or recombinant human angiogenin (ANG; 300 ng/ ml; R&D Systems); all treatments included 30 ng/ml IGF1. Cortisol, PGE2, SHH, WNT3A, and ANG were tested because of their implication in cystic follicle development [46] and studies showing that these doses significantly alter GC function [19, [44] [45] [46] [47] [48] .
Hormonal regulation of PTCH1 mRNA was studied in small-and largefollicle TC treated with IGF1 (0 or 100 ng/ml) and/or ovine LH (0 or 30 ng/ml; NIDDK-oLH-26; activity: 1.0 3 NIH-LH-S1 U/mg) for 24 h (experiment 6), in large-follicle TC treated with either IGF1 (0 or 30 ng/ml) or E2 (0 or 300 ng/ ml) for 24 h (experiment 7), or in TC treated with recombinant human bone morphogenetic protein-4 (BMP4; 0 or 30 ng/ml; R&D Systems), recombinant rat growth differentiation factor-9 (GDF9; 0 or 500 ng/ml; provided by Dr. Aaron J. W. Hsueh, Stanford University School of Medicine, Stanford, CA) [43] , or recombinant human activin (0 or 25 ng/ml; R&D Systems) for 24 h (experiment 8). The effect of culture on PTCH1 expression (experiment 9) was compared among large-follicle TC uncultured (freshly isolated), cultured for 48 h in 10% FCS, or cultured for an additional 48 h in serum-free medium after the initial 48 h in 10% FCS.
At the end of the treatment period, medium was aspirated, cells were lysed in 0.5 ml of TRI reagent, and RNA was extracted as described below. Abundance of IHH, DHH, and PTCH1 mRNA were quantified using real-time RT-PCR and was normalized to constitutively expressed 18S rRNA as described below.
AAD ET AL.
In Situ Hybridization
Relative abundance of IHH, PTCH1, and CYP19A1 mRNA expression within individual small antral follicles was determined by in situ hybridization analysis described previously [37] . Antisense and sense 35 S-rUTP-labeled cRNA probes were transcribed from linearized cDNA using an in vitro transcription kit (Ambion), according to the manufacture's recommendation, and 35 S-rUTP (PerkinElmer Health Sciences). The 223-base-pair (bp) amplicon of bovine IHH and 240-bp amplicon of bovine PTCH1 were synthesized by PCR, cloned into pCR4TOPO plasmid vector (Invitrogen) and transformed into TOP10 chemically competent E. coli cells (Invitrogen). Forward and reverse primers for IHH synthesis were AGAGTGGCAGCTGTCTCCA and GGTAGAGCAGCTGGGGGTA (NCBI accession no. NM_001076870), respectively. Identity and orientation of the 223-bp amplicon of bovine IHH were confirmed by sequencing; identity was 100% with mRNA sequence (bases 755-977) of NCBI accession NM_001076870. Forward and reverse primers for PTCH1 were TGTCAGGCATCAGTGAGGAG and AG CATTCTCTGGGGGTTTCT, respectively, and sequencing confirmed that the 240-bp amplicon for PTCH1 had 100% identity with mRNA sequence (bases 3836-4075) of NCBI accession no. NM_001205879. Transfected cells containing cDNA plasmids for CYP19A1 [37, 49] were provided by Dr. Allen Garverick, University of Missouri, Columbia, and CYP19A1 antisense and sense probes were transcribed as described previously [37, 49] .
Multiple sections (8 lm) of the embedded tissue were cut, mounted on glass microscope slides, deparaffinized, and subsequently incubated with proteinase K for 10 min. Tissue sections were prehybridized at 428C and hybridized with the respective probes overnight at 558C and 100 ll hybridization solution/slide at a probe concentration of 5000 dpm/ll. After hybridization, slides were washed, treated with ribonuclease (RNase) for 30 min, washed, lightly counterstained with hematoxylin, and dehydrated. Slides were dipped in Kodak NTB-2 emulsion (Eastman Kodak), followed by exposure for 4 wk at 48C in a desiccated dark box. Slides were developed in Dektol (Eastman Kodak), fixed with Kodak Fix (Eastman Kodak), dehydrated and cleared, and mounted for examination by bright-field and dark-field microscopy. For each animal, two sections were hybridized to the antisense probe, and one section was hybridized to the sense probe for each gene. Sections of cortical tissue from Twinner and control cows from each day of the estrous cycle were included within a hybridization run to minimize biases among runs.
Hybridization intensity was quantified using the Bioquant Nova Prime image analysis system (BI-OQUANT Image Analysis Corporation). Within a marked area of interest within the GC or TC layer of an individual antral follicle, the system determined the total number of pixels and the number of graphic pixels occupied by the silver grains. Hybridization intensity was defined as the proportion of total pixels occupied by graphic pixels. Specific hybridization intensity within an individual follicle was defined as the average of four fields within a follicle cell type for the antisense probe minus the sense probe and expressed as the proportion of the area occupied by specific grains. Measurements were collected on two to five follicles per cow, and similar numbers of small antral follicles were evaluated for Twinner (n ¼ 56) and control (n ¼ 50) cows.
RNA Extraction and RT-PCR for mRNA Quantification
RNA from GC samples of experiment 2 was extracted in 13 batches with an average of 13 samples per extraction batch, and RNA from TC was extracted in eight batches with an average of 20 samples per extraction batch. Each batch consisted of an equal number of samples from each treatment group and a similar number of different size follicles. GC, stored in 0.5 ml of TRIzol at À808C, had RNA extracted using the TRIzol protocol as described previously [43, 45] . TC, stored in 0.5 ml of RNAlater (Ambion), were transferred into 0.75 ml of TRIzol Reagent and homogenized for 2-3 min on ice using the Omni TH tissue homogenizer (Omni International Inc.) with Omni Tip disposable generator probes to prevent contamination between treatments. After extraction, GC and TC RNA was quantified via ultrasensitive fluorescent nucleic acid staining using the RiboGreen RNA Quantitation Reagent and Kit (Molecular Probes) with modifications as described previously [50] and using a fluorescent plate reader (Wallac 1420, PerkinElmer). The intraassay coefficient of variation was ,10%. GC and TC from cell culture experiments (experiments 3-7) were lysed in 0.5 ml of TRIzol Reagent; RNA was extracted and quantified at 260 nm using NanoDrop spectrophotometer (ND-1000; NanoDrop Technologies) as described previously [19, 45] .
The differential expression of target gene mRNA in TC and GC was quantified using the multiplex one-step real-time RT-PCR reaction for Taqman Gold RT-PCR Kit (Applied Biosystems Inc.) as described previously for IHH, PTCH1, and the housekeeping gene 18S rRNA [19, 51] . The DHH (848 bp; accession no. XM002687306.1) forward primer sequence was constructed between 46 and 66 bp with a Tm of 598C and sequence of CAACCCCGACATCATCTTCAA, its reverse primer sequence was CACATGTTCATCACGGCTATGG and was constructed between 156 and 135 bp with a Tm of 608C, and its TaqMan probe was CGCCTGATGACCGAGCGTTGTAAGG and was constructed between 92 and 116 bp with a Tm of 708C. The DHH primers spanned introns (forward primer was located in exon 1, bases 243-263 of its gene [accession no. AC 000162] and reverse primer was located in exon 2, bases 3038-3059 of its gene; 15 bases of the probe are located in exon 1, bases 289-303, and the remaining 10 bases of the probe are located in exon 2, bases 3010-3019 of gene; exons 1 and 2 are separated by a 2706-base intron 1). The IHH primers also spanned introns (forward primer was located in exon 2, bases 3061-3082 [accession no. AC_000159], and reverse primer was located in exon 3, bases 4865-4882 of its gene; the TaqMan Probe was located in exon 2 bases 3088-3109). The PTCH1 primers did not span introns. For all RT-PCR runs, a no-template control and a no-reverse-transcriptase control were included to ensure the lack of contaminants in the master mix and the absence of any genomic DNA contamination, respectively. In addition, the RT-PCR products were run on agarose gels to verify the length and size of the expected target genes, and the same RT-PCR cDNA samples were used to verify the amplified sequences.
Because the total number of samples in experiment 2 was greater than the 96-well-plate capacity, cows were sorted by genotype and cycle. Cows within genotype and cycle were assigned randomly to each plate, with all follicles from one individual cow on the same plate; all individual samples were run in duplicate. The 18S rRNA values were used as internal controls to normalize samples for any variation in amounts of RNA loaded as described previously [19, 43, 52] . Relative quantity of target gene mRNAs was expressed as 2
ÀDDCt using the relative comparative threshold cycle method as described previously [50, 53] .
Statistical Analyses
In experiment 1, genoytpe and day of estrous cycle effects on mRNA expression for the three genes within the small antral follicles were tested for each gene by PROC MIXED procedure (Windows version 8.02; SAS Institute Inc.) for repeated measurements. Independent fixed effects and two-way interactions in the initial statistical model were genotype and day of the estrous cycle. Individual follicles were subsequently classified as E-I or E-A when either 10% or .10%, respectively, of the analyzed area was occupied by specific grains for CYP19A1, and estrogen status and its interaction were added to the repeated measures analysis as independent fixed effects. Relationships among measured traits were assessed by PROC CORR of SAS.
Data from experiment 2 were analyzed as a completely randomized design with a 2 3 2 3 2 factorial treatment structure with main effects of genotype (control vs. Twinner), day of estrous cycle (recruitment D3, or deviation D5), and follicle estrogenic profile (healthy E-A, E2:P4 ratio ! 1, or atretic E-I, E2:P4 ratio , 1) [41] . Treatment effects on the dependent variables (i.e., abundance of IHH and PTCH1 mRNA) were determined using the MIXED procedure of SAS, where cow was included as a random effect. Outliers were detected according to the procedure described by Grubbs [54] provided by GraphPad Software (http://www.graphpad.com/quickcalcs/Grubbs1.cfm). Mean differences were determined by Fisher's protected least significant differences test [55] if significant treatment effects in analysis of variance (ANOVA) were detected. The slice option in the least squares means (LSMeans) statement of SAS was used to separate the main effects mean differences when interactions were significant (P , 0.05). Results are presented as LSMeans 6 SEM.
Data from cell culture experiments were analyzed as a completely randomized design with a one-way ANOVA (experiments 3, 5, 7, 8, and 9) or a 2 3 2 factorial treatment structure (experiments 4 and 6) using the GLM procedure of SAS. Because only 49% of samples for large GC of experiment 5 expressed IHH mRNA, the Ct for IHH mRNA for undetectable samples was set at 45 and then analyzed. Experimental data are presented as means 6 SEM of measurement from replicated experiments. Each experiment from cell culture was replicated three or more times, and within each experiment, treatments were applied in four culture wells, two of which were combined to generate duplicate samples for each treatment within each experiment. Each experiment was conducted on a separate pool of GC and TC obtained from 3 to 15 cows or heifers. To correct for heterogeneity of variance, abundance of IHH, DHH, and PTCH1 mRNA were analyzed after natural log (x þ 1) transformation.
RESULTS
Genetic Effect and Localization of the Hh Components in the Bovine Ovary by In Situ Hybridization (Experiment 1)
Expression of IHH mRNA, measured by in situ hybridization, within individual small antral follicles was localized HEDGEHOG SYSTEM IN TWINNER CATTLE primarily within the GC (Fig. 1C) , including cumulus cells ( Fig. 2A) , whereas PTCH1 mRNA was expressed in TC (Figs. 1D and 2B) and, to a lesser degree in GC, of small ovarian follicles from both Twinner and control cows. Abundance of IHH mRNA in GC and of PTCH1 mRNA in TC was not affected (P . 0.10) by genotype, but their abundance was greater (P , 0.01) in small E-A vs. E-I antral follicles (Table  1) ; E-A vs. E-I defined as follicles with . 10% vs. , 10% of the analyzed area occupied by specific grains for CYP19A1, respectively. Thus, abundance of IHH mRNA was correlated positively with CYP19A1 mRNA in GC (r ¼ 0.85; P , 0.01) and with PTCH1 mRNA in TC (r ¼ 0.70; P , 0.01) but was correlated negatively with PTCH1 mRNA in GC (r ¼À0.28; P , 0.05). Expression for GC IHH mRNA was not affected (P . 0.10) by day of cycle, whereas abundance of PTCH1 mRNA in E-I follicles but not in E-A follicles decreased from D3 to D9 (estrogen status by day; P , 0.05; Fig. 3 ).
Gene Expression in GC and TC of Control Cows and Cows Selected for Double Ovulations (Experiment 2)
Ratio of E2:P4 concentration in the follicular fluid was used to classify the health (estrogen) status of individual antral follicles [41, 56] . The E2:P4 ratio differed (P , 0.001) between healthy (E-A; 6.62 6 0.41) and atretic (E-I; 0.12 6 0.33) follicles, but the ratio was not affected (P . 0.10) by genotype, day of cycle, or any of the two-or three-way interactions (data not shown). Health status (P , 0.01) and status by day of cycle interaction influenced (P , 0.05) follicular fluid E2 such that E2 concentrations were greater in E-A follicles on D5 (179 6 21 ng/ml) vs. D3 (166 6 34 ng/ ml). Concentrations of E2 averaged 5.2 6 1.5 ng/ml and 2.8 6 0.7 ng/ml in E-I follicles on D3 and D5, respectively. Only health status affected (P , 0.01) P4 concentrations with E-I follicles (92.7 6 17 ng/ml) having greater P4 concentrations than E-A follicles (29.6 6 2.6 ng/ml).
Relative abundance of IHH mRNA in GC of antral follicles increased from D3 to D5 in healthy (E-A) follicles but did not change in atretic (E-I) follicles (follicle status by day of cycle; P ¼ 0.02; Fig. 4 ), abundance of IHH mRNA being 3.3-fold greater (P , 0.05) in healthy (E-A) follicles than in atretic (E-I) follicles on D5. The abundance of IHH mRNA did not differ (P . 0.10) in antral follicles between Twinner and control cattle regardless of follicle status (E-A or E-I) or day of the estrous cycle.
Relative abundance of PTCH1 mRNA in TC of antral follicles increased (P , 0.05) between D3 and D5 (Table 2 and Fig. 5A ). In addition, there was a genotype by follicle status effect (P , 0.05) on PTCH1 gene expression in TC of antral follicles (Fig. 5B) . Healthy (E-A) follicles of control cows had 3.5-fold greater (P , 0.05) TC PTCH1 mRNA abundance than atretic (E-I) follicles of control cows and 3.2-fold greater (P , 0.05) TC PTCH1 mRNA abundance than healthy (E-A) follicles of Twinner cows (Fig. 5B) .
Regulation of IHH and DHH mRNA in Bovine Granulosa Cells (Experiments 3-5)
Hormonal and signaling-pathway regulation of IHH and DHH mRNA was evaluated in cultured small-follicle GC treated with FSH without or with E2 (experiment 3) or IGF1 (experiment 4) and in small-and large-follicle GC treated with cortisol, PGE2, SHH, WNT3A, and ANG (experiment 5). FSH, E2, and IGF1 were tested because they are three major inducive hormones of the ovary, and cortisol, PGE2, SHH, WNT3A, and ANG were tested because of their implication in cystic follicle development [46] and studies showing that these doses significantly alter GC function [19, [44] [45] [46] [47] [48] . In cultured GC, a 2-day treatment with 300 ng/ml E2 increased (P , 0.05) IHH mRNA abundance in the presence of FSH (Fig. 6A) as well as in the presence of IGF1 (P , 0.05; Fig. 6B ), the latter of which suppressed (P , 0.05) IHH mRNA abundance. WNT3A increased (P , 0.05) IHH mRNA abundance in GC from small and large follicles by 5.5-and 8.6-fold, respectively (Fig. 7) . Similarly, cortisol increased (P , 0.05) IHH mRNA abundance in GC from small and large follicles by 1.9-and 2.85-fold, respectively (Fig. 7) . In contrast, PGE2, SHH, and ANG had no effect (P . 0.10) on IHH mRNA abundance in GC of small and large follicles (Fig. 7) . Abundance of DHH mRNA in GC of small and large follicles did not differ (P . 0.10) among treatments (Fig. 7) ; only 49% of samples for large GC of experiment 5 had detectable IHH mRNA.
Regulation of PTCH1 mRNA in Bovine Theca Cells (Experiments 6-9)
Experiments 6-9 were conducted to evaluate the effects of major inducive hormones (i.e., IGF1, LH, and E2) and signaling pathways (i.e., BMP4 and GDF9) of TC on PTCH1 mRNA. In cultured TC from small follicles (experiment 6), both IGF1 and LH decreased (P , 0.05) PTCH1 mRNA expression independently (Fig. 8A) , whereas the combined treatment of IGF1 and LH was less inhibitory on PTCH1 mRNA expression than either treatment alone (Fig. 8A) . Likewise, IGF1 decreased (P , 0.05) PTCH1 mRNA expression in control and LH-treated TC from large follicles (Fig. 8B) , but the effect of LH alone on abundance of PTCH1 mRNA was not significant (P . 0.10). In experiment 7, E2 increased (P , 0.05) PTCH1 mRNA expression by 36% in IGF1-treated TC from large follicles (18.1 vs. 13.3 6 0.9 relative abundance), but E2 did not affect (P . 0.10) abundance of PTCH1 mRNA in the absence of IGF1 (data not shown). In experiment 8, treatment of small-follicle TC Because the genotypic effect was not significant, data were combined for Twinner and control cows. Follicles were collected between D3 and D4 (D3) or D5 and D6 (D5) of an estrous cycle and classified as healthy (E-A; E2:P4 . 1) or atretic (E-I, E2:P4 , 1). Means expressed as relative abundance to 18S rRNA.
a,b Means (6 pooled SEM) without a common superscript differ (P , 0.05).
HEDGEHOG SYSTEM IN TWINNER CATTLE with BMP4 reduced (P , 0.05) PTCH1 abundance by 49% (from 2.41 to 1.24 6 0.1 relative abundance), whereas treatment with GDF9 (2.42 6 0.1 relative abundance) or activin (2.19 6 0.9 relative abundance) was without effect (P . 0.10). In experiment 9, abundance of PTCH1 mRNA was compared in large-follicle TC that were uncultured (freshly isolated), cultured for 48 h in 10% FCS or cultured for an additional 48 h in serum-free medium. Relative abundance of PTCH1 mRNA decreased (P , 0.05) from 13.9 6 1.7 in fresh uncultured TC to 4.2 6 0.4 after 48 h culture in 10% FCS and then decreased further (P , 0.05) to 2.6 6 0.4 after an additional 48 h culture in serum-free medium.
DISCUSSION
Expressions of IHH mRNA and PTCH1 mRNA were localized primarily within GC and TC, respectively, of bovine ovarian follicles and were correlated positively with GC CYP19A1 mRNA expression, and PTCH1 mRNA was reduced in TC of antral follicles of Twinner vs. control cows. Moreover, expression of IHH mRNA increased in E-A (i.e., AAD ET AL. healthy) follicles during follicle deviation between D3 and D5 (experiment 2) and was greater in E-A vs. E-I (i.e., atretic) small follicles (experiment 1), and E2 treatment in vitro increased IHH mRNA abundance in FSH-treated small-follicle GC (experiment 3). Together, these findings provide evidence that link Hh signaling components to follicular status in cattle.
The positive association between Hh signaling and ovarian follicular development agrees with previous studies in which abundance of GC IHH mRNA was greater in small vs. large antral follicles of cattle [19] , concentrations of SHH in follicular fluid were greater in small vs. medium or large follicles of pigs [57] , and SHH treatment in vitro increased murine follicle diameter above controls [7] and induced bovine TC proliferation [19] . In addition, E-A follicles on D5 of the estrous cycle had levels of IHH mRNA and E2 that were greater than in E-I follicles on D5 and in E-A follicles on D3 (experiment 2), whereas expression of Ihh and Dhh was lost rapidly in atretic follicles of mice [1] , further supporting the notion that Hh affects cell differentiation and survival in both mammals [1, 8, 12, 19] and Drosophila [15, 58] .
Because SHH increases cell proliferation and androstenedione production in cultured bovine TC [19] , possible stimulatory effects of the Hh system on E2 production in the bovine ovary are likely mediated via increased proliferation of GC and/or TC within a follicle, increased stimulation of androstenedione production by TC (and its subsequent stimulation of aromatase), or both. Based on results of the present study, increased E2 production may provide positive feedback regulation to further increase IHH mRNA. Because differences in ovarian follicle numbers between Twinner and control cattle are already present at early stages of follicular development [27, 35] , further research is needed to identify the possible role of Hh signaling in the development of the bovine ovary during embryogenesis and to determine genotypic effects on germ cell proliferation.
In antral follicles (experiment 2), TC PTCH1 mRNA levels increased at deviation (D5) but were less in E-A follicles of FIG. 7 . Hormonal effects on IHH and DHH mRNA quantified by realtime RT-PCR in small (A) and large (B) follicle granulosa cells treated in vitro (experiment 5). Granulosa cells isolated from small (1-5 mm) and large (>8 mm) follicles, cultured for 2 days in 10% FCS, washed in serumfree medium, and then treated for 24 h with IGF1 (30 ng/ml) and either no additional hormones (control; Con), cortisol (Cort; 300 ng/ml), PGE2 (300 ng/ml), SHH (500 ng/ml), WNT3A (300 ng/ml; WNT3), or ANG (300 ng/ ml). HEDGEHOG SYSTEM IN TWINNER CATTLE Twinner vs. control cows. Like IHH mRNA, the expression of PTCH1 mRNA was greater in TC of E-A vs. E-I small antral follicles (experiment 1), and TC PTCH1 mRNA was positively correlated with GC CYP19A1 mRNA. Consistent with this PTCH1-CYP19A1 correlation, we observed that E2 treatment increased PTCH1 mRNA abundance in IGF1-treated largefollicle TC. Ptch1 gene expression was detected previously in TC of antral follicles evaluated at different sizes and stages of the mouse estrous cycle [59] , and, like Ihh, expression of Ptch1 mRNA was lost rapidly in morphologically atretic follicles of mice [1] . In addition, PTCH1 mRNA abundance was greater in large vs. small bovine follicles [19] . Although SHH treatment in vitro increased PTCH1 mRNA in bovine TC [19] and Gli mRNA in mouse GC [7] , differences in GC IHH mRNA cannot fully explain the difference in TC PTCH1 mRNA between E-A follicles of Twinner and control cows since GC IHH mRNA abundance was similar between control and Twinner cows. The differential expression of PTCH1 in control vs. Twinner cows of the present study does indicate a possible genetic difference in the regulation of PTCH1 and thus a possible involvement of PTCH1 and the Hh system in the selection of two or more rather than one dominant follicle in Twinner cows. Because IGF1 treatment decreased PTCH1 mRNA in cultured TC from small and large follicles (present study) and Twinner cows have greater IGF1 concentrations than control cows [25, 28] , perhaps IGF1 is suppressing the PTCH1 gene expression during growth of the dominant follicle. Thus, exposure of follicles in Twinner cows to greater concentrations of IGF1 may have both directly and indirectly (via reduced IHH) reduced TC PTCH1 mRNA. In support of the idea that IHH secreted by GC may be needed for continued PTCH1 mRNA expression in TC, we found in experiment 9 that PTCH1 mRNA decreased with time in TC cultured without GC (i.e., presumed source of IHH).
Information regarding hormonal regulation of the Hh system in the mammalian ovary is very limited. Wijegerde et al. [1] observed that expression of IHH and DHH mRNA in GC and, subsequently, that of PTCH1 mRNA in TC was lost quickly in preovulatory follicles after mice were treated with hCG. In addition, Ren et al. [59] showed that Ihh mRNA in GC and Ptch1 mRNA in ovarian tissue enriched for theca interstitial cells decreased within 4 h following hCG injection in mice, suggesting possible hormonal control of Ihh and Ptch1 during follicular differentiation and luteinization. Consistent with hCG-induced decreases in ovarian Ptch1 mRNA in rodents [1, 59] , we observed that LH treatment in vitro decreased PTCH1 mRNA abundance by 41% in TC from small bovine follicles in the absence of IGF1, whereas in the presence of IGF1, LH increased PTCH1 mRNA in TC from small follicles. However, LH had no effect on PTCH1 mRNA in TC of large follicles, suggesting that as bovine follicles develop, the Hh system response to LH changes. We also found that BMP4 (but not GDF9 or activin) decreased PTCH1 mRNA levels in smallfollicle TC treated with IGF1 and LH, indicating that specific TGFb family proteins may regulate the Hh system in the ovary as reported for other tissues [33, 34] . Further research will be required to elucidate the regulation of the Hh system by IGF1, E2, LH, and the TGFb family proteins.
Consistent with a previous finding [19] , we found that in cultured small-follicle GC, IGF1 decreased IHH mRNA but that the decrease was diminished in the presence of E2. Moreover, E2 increased IHH mRNA abundance in the presence of FSH, but E2 alone, similar to FSH alone [19] , did not affect abundance of IHH mRNA, indicating that IHH gene expression is controlled by IGF1, E2, and FSH. Interestingly, in GC from both small and large follicles, we found that WNT3A stimulated IHH mRNA abundance severalfold, suggesting the WNT signaling system may be another key regulator of the Hh system in the ovary. During fetal development in mice, the canonical WNT pathway directly regulates Ihh transcription in chondrocytes [60] . In addition, we observed that 2 days of treatment with cortisol increased IHH mRNA by 1.9-fold in GC. Another study supporting our finding that glucocorticoids may regulate IHH mRNA expression found that mouse metanephroi cultured for 6 days in the presence of 14 lM cortisol exhibited a 4.68-fold increase in Ihh mRNA [61] . Further research will be required to elucidate the timing, hormonal control, and role of IHH and PTCH1 in regulating various stages of follicular growth.
Assessment of DHH mRNA expression indicated that DHH mRNA in GC from small and large follicles was not regulated by any of the hormones tested in experiment 5. Differences in the regulation of expression of IHH and DHH mRNA are not surprising since IHH is located on chromosome 2 and DHH on chromosome 5 in cattle. Differential expression of DHH and IHH mRNA is not without precedence. In previous studies, GC Dhh mRNA was expressed earlier in primary mouse follicle development than was GC Ihh mRNA [1] , and rat pancreas cell expression of Ihh was decreased by 50% after alloxan treatment in vitro with no concomitant change in Dhh expression [62] .
In conclusion, findings of the present study suggest that an association exists between modulation of the Hh pathway and selection of the dominant follicle(s). The observed patterns of IHH and PTCH1 mRNA in GC and TC further indicate a potential paracrine role for the Hh signaling pathway in bovine ovarian folliculogenesis, which may result in enhancing aromatase activity in early developing follicles. In addition, differences in TC PTCH1 mRNA abundance in Twinner vs. control cows indicate a genetic control of the Hh system in mammals, but further research is needed to verify this suggestion. We hypothesize that an intrafollicular increase of IGF1 in Twinner cows leads to the regulation of the Hh system via directly inhibiting the production of both GC IHH mRNA and TC PTCH1 mRNA. Whether the interaction between the Hh system and the IGF system is a key contributor to the selection of two codominant follicles in Twinner cows will require further investigation.
